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Yu: ATLAS MDTs for HL-LHC Monday afternoon

Catrin: ATLAS trigger algs in Run 2 Monday afternoon

Heather: ATLAS trigger menu in Run 2 Monday afternoon

Tom: ATLAS Muon for HL-LHC Wednesday afternoon

Xiangting: ATLAS tRPCs for Run 3+ Thursday morning

Liang: ATLAS NSW Electronics Thursday morning

Jared: CMS GEM for Run 3+ Thursday afternoon
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a 20-year plan for the LHC

instantaneous luminosity increasing — experiments must adapt!
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ATLAS has suite of upgrades for near-term (Phase 1) 

and long-term (Phase 2)
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the new Small Wheel (NSW)
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NSW replaces current SW — 

under construction now

comprised of eight layers each 
of two new detectors for ATLAS

4 sTGC detector technology and
performance

In Chapter 2 the requirements for the triggering system in the NSW have been defined. The
triggering detectors should provide bunch crossing identification, requiring good time resolution,
and good angular resolution, better than 1 mrad, for online reconstructed segments, which in turn
entails fairly good online spatial resolution. The sTGC detector provides both capabilities as will
be demonstrated in this chapter and for this reason is regarded as the main triggering detector
in the NSW. It provides also a fair spatial resolution for the offline tracking that will help the
precision tracking, specially during the HL-LHC phase.

4.1 sTGC

The basic Small strip Thin Gap Chamber sTGC structure is shown in Fig. 4.1(a). It consists
of a grid of 50µm gold-plated tungsten wires with a 1.8mm pitch, sandwiched between two
cathode planes at a distance of 1.4mm from the wire plane. The cathode planes are made of a
graphite-epoxy mixture with a typical surface resistivity of 100 k⌦/⇤ sprayed on a 100µm thick
G-10 plane, behind which there are on one side strips (that run perpendicular to the wires) and
on the other pads (covering large rectangular surfaces), on a 1.6 mm thick PCB with the shielding
ground on the opposite side (see Fig. 4.1(b)). The strips have a 3.2mm pitch, much smaller than
the strip pitch of the ATLAS TGC, hence the name ’Small TGC’ for this technology.

A similar type of structure was used in the past for the OPAL Pole-Tip calorimeter, where 400
detectors were constructed and run for 12 years.

The TGC system, used in the present ATLAS muon end-cap trigger system, has passed a long
phase of R&D and testing. The basic detector design for the NSW has two quadruplets 35 cm
apart in z. Each quadruplet contains four TGC’s, each TGC with pad, wire and strip readout.

(a) a (b) b

Figure 4.1: The sTGC internal structure.

37

5 Micromegas detector technology and
performance

In Chapter 2 the requirements for the precision tracking system in the NSW has been defined.
The tracking detectors should provide very good position resolution independent of the particle
incident angle, high efficiency even at the highest background rates, and good two track separation
to reject delta rays accompayining muons. In this chapter the excellent tracking capabilities of
MM detector (better than 100µm for all particle impact angles in the New Small Wheel) will be
demonstrated.

The very fine segmentation of the MM read out strips, together with a reasonably good time
resolution, can also be exploited to complement the trigger scheme based on sTGC, adding in the
robustness and redundancy of the system.

5.1 Detector technology and characteristics

The micromegas (an abbreviation for ’micro mesh gaseous structure’ (MM)) technology was
developed in the middle of the 1990’s [21]. It permits the construction of thin wireless gaseous
particle detectors. MM detectors consist of a planar (drift) electrode, a gas gap of a few millimetres
thickness acting as conversion and drift region, and a thin metallic mesh at typically 100–150µm
distance from the readout electrode, creating the amplification region. A sketch of the MM
operating principle is shown in Fig. 5.1. In the original design the drift electrode and the
amplification mesh were at negative high voltage (HV) potentials, the readout electrode is at
ground potential (the HV scheme has been modified for the MM application in ATLAS, see
following sections). The HV potentials are chosen such that the electric field in the drift region is a
few hundred V/cm, and 40–50 kV/cm in the amplification region. Charged particles traversing the
drift space ionize the gas; the electrons liberated by the ionization process drift towards the mesh.
With an electric field in the amplification region 50–100 times stronger than the drift field, the
mesh is transparent to more than 95% of the electrons. The electron avalanche takes place in the
thin amplification region, immediately above the readout electrode. The drift of the electrons in
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Figure 5.1: Sketch of the layout and operating principle of a MM detector.
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Micromegas (MM)

small Thin Gap Chambers (sTGC)
(a)Thehubandthespoke
mountsareattachedtothe
supportgrid.

(b)Thesmallsectorspokes
areaddedandfixedtothe
hubandsupportgrid.

(c)Thedetectorsinthe
largesectorsandthealign-
mentbarsinthesmallsec-
tors(notshown)areadded.

(d)Theinterconnectingarcs
ofthecentralplaneofthe
supportaremounted.

(e)Thelargesectorspokes
areaddedandfixedtohub
andthearcsofthecentral
plane.Themechanicalsup-
portstructureisnowcom-
plete.

(f)Thedetectorsinthe
smallsectorsandthealign-
mentbars(notshown)in
thelargesectorsareadded.
Thedetectorwheelhas
beenassembled.

Figure9.3:ApossiblescenariofortheassemblyoftheNSWmechanicalstructureandtheintegrationof
thedetectors.

Thelargesectorstationsaretheninserted1(Fig.9.3(c)).Thesectorinterconnections(Fig.9.3
(d))andthelargesectorspokes(Fig.9.3(e))arethenmountedandconnectedtotheexisting
halfofthestructure.Thesmallsectorstationsareinstalled(Fig.9.3(f)),followedbytheeight
remainingalignmentsystembarsofthelargesectorsandtheservicesattherim.

IncasethedescribedassemblyoftheNSWmechanicalstructureprovestobenotfeasiblefor
anyreason,analternativescenariohasbeendeveloped.Aflatsupporttableisusedonwhichthe
NSWstructureisassembledinahorizontalposition.Thetablewiththeattachedmechanical
structureisthenrotatedwiththehelpofacraneintoanuprightposition.Acantileverarm,

1seeChapter9.1.3ontheinstallationprocedure
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(a)

������

(b)

Figure 2.2: a) Measured hit rate in the region of the Small Wheel for L = 9.6⇥10

32 cm�2 s�1 at
p
s = 7TeV

in the CSC and MDT chambers as function of the radial distance from the beam line. b)
Extrapolated hit rate in the CSC and MDT regions for a luminosity of 3 ⇥ 10

34 cm�2 s�1]
at

p
s = 7TeV as a function of the radial distance from the beam line. Also indicated is the

range of tube rates of 200-300 kHz.

2.2 Precision tracking performance

Track segments in the muon spectrometer are built from hits in a given station of the detector.
Segments from different stations are then linked together to form tracks. The single tube hit
efficiency and the segment finding efficiency of the MDT is shown in Fig. 2.4 as measured in test
beam as function of the hit rate [10–12]. The efficiency decreases linearly with increasing hit
rate. At a hit rate of 300 kHz (the maximum rate expected for a luminosity of 1⇥ 10

34 cm�2 s�1)
it already reaches hit inefficiencies of about 35%. The segment finding efficiency are higher
since only a subset of all available hits is required but for rates beyond 300 kHz it also decreases
dramatically. With tube rates above 300 kHz, the segment inefficiency becomes sizable and results
in a degradation of spectrometer performance. High background rate also causes degradation of the
position resolution due to space charge effects. It is evident from Fig. 2.2 (b) that at a luminosity
of 3⇥ 10

34 cm�2 s�1 a big fraction of the Small Wheel MDT system will have to operate with tube
rate much above 300 kHz. Hence the current MDT system will have substantial inefficiencies at
the luminosities and backgrounds expected after Phase I upgrade.

A study has been performed overlaying real events to determine the impact on the current
End-cap Inner (EI) chambers—the MDT used in the current Small Wheel for precision track
measurements. The overlay method for simulating event pileup at high luminosity is described in
detail in [13]. Here 10 Zero Bias events are overlaid to produce one event at a corresponding higher
luminosity. The Zero Bias events have been collected in 2012 with a dedicated trigger, with an
instantaneous luminosity of 2.6⇥ 10

33 cm�2 s�1. The obtained overlaid events correspond to the
background expected at a luminosity of 2.6⇥ 10

34 cm�2 s�1. The results for this study are shown
in Fig. 2.5. Only the EI MDT chambers closest to the beam-line are shown for simplicity. In
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the new Small Wheel (NSW)

7

offers two major improvements to ATLAS muon spectrometry

rate capacity

detector elements much smaller in 
NSW than current SW

e.g. MM strip pitch ≈ 0.5 mm 
whereas CSC strip pitch ≈ 5 mm

smaller flux per element @ NSW

latest HL-LHC 
estimate: 7.5x1034
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the new Small Wheel (NSW)
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offers two major improvements to ATLAS muon spectrometry

trigger

NSW adds layer of coincidence for 
hardware trigger decision

powerful reduction of triggers not 
originating from muons
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the new Small Wheel (NSW)

9

offers two major improvements to ATLAS muon spectrometry

trigger

12 Trigger, data acquisition and detector
control

12.1 System overview

The NSW trigger will enable to drastically reduce the trigger rate in the end-cap by reducing fake
triggers coming from non-pointing tracks, as shown in Fig. 12.1. The trigger is based on track
segments produced online by the sTGC and MM detector. The NSW trigger system provides
candidate muon track segments to the new TGC Sector Logic which uses them to corroborate
trigger candidates from the Big Wheel TGC chambers. The Sector Logic then sends Level-1 trigger
candidates to the ATLAS Muon Central Trigger logic.

New Small Wheel

IP Z

end-cap
toroid

∆θ

LL_SV_NSW

A

B

CEI

Big Wheel EM

Figure 12.1: Schematic of the Muon End-cap trigger. The existing Big Wheel trigger accepts all three
tracks shown. With the NSW enhancement of the Muon End-cap trigger only track ‘A’, the
desired track, which is confirmed by both the Big Wheel and the New Small Wheel, will be
accepted. Track ‘B’ will be rejected because the NSW does not find a track coming from the
interaction that matches the Big Wheel candidate. ‘C’ will be rejected because the NSW
track does not point to the interaction point. The NSW logic requires that �✓ be less than
±7 mrad.

Table 12.1 summarizes some sTGC and MM parameters. The NSW measures the radial
coordinate in two planes, the azimuthal, �, coordinate and the angle �✓ of track segments inside
the wheel. �✓ is the angle of the segment with respect to an ‘infinite momentum track’, i.e. a line
from the interaction point to the segment’s radial position in the NSW. The radial coordinate is
measured by high precision strips. For sTGC, � is determined by the triggering tower of sTGC
pads and for MM, by small angle stereo strips. The angle �✓ inside the Small Wheel, i.e. before
the end-cap toroid, is measured to an accuracy of <1mrad by calculating the track position in

119

NSW adds layer of coincidence for 
hardware trigger decision

powerful reduction of triggers not 
originating from muons

emphasis of this talk
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sTGC & MM 
triggers



Alexander Tuna 11

sTGC trigger electronics
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American institutes building many pieces!

BNL for FE chip: VMM

Michigan for drivers: TDS and Router

Illinois for trigger functions: Trigger anc.
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sTGC trigger electronics
● ask for many-layer coincidence with coarse pad triggers

● readout strips within pad trigger tower

active pad-tower 
covers  
active strip band 

0.0001

0.001

0.01

0.1

1 Small Sector

Large sector

There are about 280,000 strips in sTGC.  
To minimize the amount of a transmitted charge information to off-detector  
Trigger Processors, pad coincidence information is used. 

The Pad Trigger selects the strips passing through a pad tower made  
from a coincidence of overlapping pads. 

Pre-trigger From the Pad Towers 

3 JN, Trigger Processor Design Review,  Feb 2015 

The planned sTGC trigger path supports transfer of the strip 
data for up to 4 track segments per BC. 
 
The probability that three background tracks are present in 
a sector remains under 3u10-3.  
D. Lellouch, NSW Estimates of Data Rates, ATL-M-EN-0023 
(2015) 

Left: The fraction of BCs with one candidate for each of the three quadruplets.  
Right: The fraction of BCs with 1, 2, and 3 segment candidates in a sector. 

φ ID

large data reduction with pad “pre-triggering”

3 out of 4 &&

3 out of 4



Alexander Tuna

Alexander Tuna

  

TDS ASIC 
x 9 

4.8  

Gb/s 

120b/116b encoding 

per packet, 

one packet per BC 

pad trigger 

data 
x 9 

Quadruplet Centroid (mean) 

T0 

infinite momentum  
track angle 

Quadruplet: 4-Layer Detector Centroid Calculation 

IP 

14 

• Pad-tower area is a quarter of an actual pad which is an overlapping area of displaced pads on 
odd and even layers of the detector. 

• Pad-tower covers 13 strips, defined as strip band. 
• Active pad-tower is formed by pads that have a 3-out-of-4 AND 3-out-of-4 coincidence. 
• Quadruplet Centroid is calculated using information of 13 band strips of an active pad-tower, 

plus 2 additional strips from neighboring bands, total 17 strips per each of four layer.  
 

active pad-tower = active strip band 

pads strips 

JN, Trigger Processor Design Review,  Feb 2015 

×2 quadruplets
11

NSW trigger: sTGC processor

— 8 centroids of strips

— 2 centroids of centroids

— LUT for “track”

13

sTGC trigger electronics

×2 quadruplets

— 8 centroids of strips

— 2 centroids of centroids

— LUT for “track”

sTGC trigger path demonstrator
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Figure 12.13: A cosmic ray passing at an angle
through a quadruplet. The ⇧’s are
the calculated centroids (values on the
left). The vertical dashed line is the
calculated average.

Two sTGC demonstrators were built to study
(1) the centroid finding algorithm, particularly
to determine if a viable algorithm could be
performed within the very limited latency bud-
get, and (2) to measure realistic latencies of
a serial link of the type needed for the trigger
path to USA15. Fig. 12.13 shows the results
of the centroid finder and averager for a cos-
mic ray triggering a pad tower as it passes
through four sTGC layers. The first demon-
strator, Demo-0, is connected to the strips and
pads of an sTGC quadruplet via ASDs used in
the TGC Big Wheel; the second, Demo-1, via
the VMM1 prototype front-end ASIC. Both use
Time-over-Threshold (ToT) as the estimation
of strip charge. The peak value, as will be digi-
tized by the next VMM prototype’s Flash ADC,
is more linear with charge and will be used in
future. Since the VMM1 does not incorporate
the FADC, the demonstrators do not attempt
to demonstrate the accuracy of the centroids
found, only the latency. This will be done with
the next prototype.

The Demo-0 used a commercial FPGA evaluation board; it demonstrated only the centroid
calculation and track segment finding. It is able to handle four layers of 16 strips each, plus the
44 pads needed to form towers covering a single band of strips.

Demo-1 is a custom PCB built from two FPGAs connected by serial and parallel links. One
FPGA executes the pad trigger and centroid logic. The second FPGA is intended to emulate the
‘TDS’ front-end companion ASIC. It receives the pad trigger via LVDS lines and sends the ‘charge’
values of the strips selected by the pad trigger over a 6.25Gb/s copper twinax serial link to the
centroid/segment logic in the other FPGA. Additional links allow the trigger data to be sent to
a second identical board and for that board to return its strip data to the centroid logic on the
master board. Each Demo-1 board can handle four layers of 64 strips, 512 strips for two boards.
148 pads cover the strips with towers. Hardware and software capable of configuring the 44 VMM
ASICs was also built. The measured latencies for the centroid and segment calculation and the
link latency are included in Table 12.6.

sTGC latency

The total latency of the trigger system must comply with the existing Sector Logic timing which
allows a total of 41 bunch crossings, 1025 ns. Table 12.6 shows the latency budget of the system.
It is within the allowed time, but without much margin. Note that the pad path is longer than
the strip path, which is not shown.

134

φ coordinate 
measured by pad
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● only readout first strip per VMM

● “ART”: Address in Real Time

● 64 strips per VMM covers ~2.5 cm

zhalf  
(2.5 mm) 

xhalf 

zdrift  
(5mm) 

ti, xi 

x 

z 

Figure 5.10: Left: principle of the MM µTPC operating mode. Right: distributions of �xhalf for particle
impact angle of 30�. The distribution is fitted with a double Gaussian (red line) accounting
for a core distribution (green line) plus tails (blue line). The widths of the two Gaussians are
reported in the plot.

output of the charge integrating pre-amplifier. The time resolution obtained with this analysis
depends on the impact angle and is approximately 12 ns at 30�. For each event, (xi, zi) coor-
dinates are assigned to each hit and fitted with a straight line, from which the best position
measurement,‘xhalf’ is obtained (as indicated in Fig. 5.10 left).

Tracklet angles are reconstructed with about 70 mrad resolution. The µTPC spatial resolution
has been measured by the difference of xhalf in two chambers with the same orientation (�xhalf ).
The time jitter is equal in the two chambers and cancels out in the difference. In Fig. 5.10 right the
distributions of �xhalf for a beam impact angle of 30�, are reported. The single plane resolution
is about 90µm, assuming that it is obtained by the width of the fitted distribution by

p
2.

The results for the MM spatial resolution study are summarized in Fig. 5.11. As expected, the
cluster centroid behaves better at small angles (small cluster size) while the µTPC method reaches
best performance for larger angles. Moreover,it has been verified that the position determination
with the two methods is systematically anti-correlated; for that, a weighted average can improve
the resolution further. The result of a simple combination method using a weighted average of the
cluster centroid and the µTPC position measurement is also reported in the figure, demonstrating
that spatial resolutions below 100µm is achievable for all impact angles up to 40� (the impact
angle range for muons in the NSW is approximately between 8� and 30�).

A cross-check of the previous results was done with a full track reconstruction method; the
results obtained are in excellent agreement with the simpler method described above.

5.4.2 Performance of the micromegas detectors in magnetic field.

The MM chambers of the NSW will operate in a magnetic field of a magnitude up to about 0.3 T
with different orientations with respect to the chamber planes but a sizable component orthogonal
to the MM electric field.

The effect of the magnetic field on the detector operation has been studied with test beam
data and simulations. Figure 5.12 shows the drift velocity and the Lorentz angle as a function of
the drift field for several values of the magnetic field (perpendicular to electric field) and for an
Ar:CO2 93:7 gas mixture. Figure 5.13 illustrates the effect of the magnetic field on a MM chamber.
The drift direction of the ionization electrons is tilted with respect to the electric field direction by

57

horizontal stereo stereoMM

φ information inferred from stereo planes with θstrip = 1.5°

“U” “V”“X”

MM trigger electronics
~20x less data 

than full readout
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all ART strips received at 
MM TP, then filtered by 

roads in FPGA

large data reduction with 
road filtering:
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all ART strips received at 
MM TP, then filtered by 

roads in FPGA

large data reduction with 
road filtering:


~500 roads per chamber
●
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for track parameters
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all ART strips received at 
MM TP, then filtered by 

roads in FPGA

large data reduction with 
road filtering:


~500 roads per chamber
●

●
●

●

●
●

●
●

4 m

7.6 m 7.8 m

1 m

R

z

IP

MM trigger electronics

filtered strips then “fit” 
for track parameters
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performance
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simulated performance
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simulated performance
simple OR of sTGC and MM decisions

muon trigger rates 
dominated by fakes 

in the endcaps
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MM performance in data!
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Harvard CRTS

built 8-layer micromegas 

mini-chamber at Harvard to 
measure performance with 

cosmic ray muons

chamber equipped with 
prototype electronics, 


and recording both trigger 
and offline data 
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MM cosmic ray test stand
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trigger algorithm fully functioning and performs within spec
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NSW trigger hardware and 
algorithms in advanced state,

already making triggers with 

cosmic ray muons

New Small Wheel (NSW) 

is under construction now,


planned to be operational for 

Run 3 of the LHC and beyond
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bonus
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New Small Wheel 

Technical Design Report

https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/UPGRADE/CERN-
LHCC-2013-006/index.html

Muon Spectrometer 

Technical Design Report

http://atlas.web.cern.ch/Atlas/GROUPS/
MUON/TDR/Web/TDR.html 

NSW Public Results https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/NSWPublicResults 

L1 Muon Public Results https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/L1MuonTriggerPublicResults 

Muon Trigger Public Results https://twiki.cern.ch/twiki/bin/view/
AtlasPublic/MuonTriggerPublicResults 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2013-006/index.html
http://atlas.web.cern.ch/Atlas/GROUPS/MUON/TDR/Web/TDR.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/NSWPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonTriggerPublicResults
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1.4.2  Cathode strip chambers

The CSCs are multiwire proportional cham-
bers with cathode strip readout and with a
symmetric cell in which the anode-cathode
spacing is equal to the anode wire pitch
(Figure 1-10). The precision coordinate is ob-
tained by measuring the charge induced on
the segmented cathode by the avalanche
formed on the anode wire. Good spatial reso-
lution is achieved by segmentation of the
readout cathode and by charge interpolation
between neighbouring strips. The cathode
strips for the precision measurement are oriented orthogonal to the anode wires. The anode
wire pitch is 2.54 mm and the cathode readout pitch is 5.08 mm; r.m.s. resolutions of better than
60 µm have been measured in several prototypes. Other important characteristics are small elec-
tron drift times (≤ 30 ns), good time resolution (7 ns), good two-track resolution, and low neu-
tron sensitivity. A measurement of the transverse coordinate is obtained from orthogonal strips,
i.e. oriented parallel to the anode wires, which form the second cathode of the chamber.  

The spatial resolution of CSCs is sensitive to the inclination of tracks and the Lorentz angle. To
minimize degradations of the resolution, they will be installed in a tilted position such that infi-
nite-momentum tracks originating from the interaction point are normal to the chamber sur-
face. The most important parameters of the CSC chambers are summarized in Table 1-3. 

Figure 1-11  Cutout view of a single CSC layer showing the construction details

Figure 1-10  Schematic diagram of the Cathode Strip
Chamber

Anode wires

Cathode
strips

d

d

WS

         

Wires
Strips
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Cathode read-out
Spacer bar

Sealing rubber Epoxy
Wire fixation bar

Conductive epoxy
HV capacitor

Anode read-out

Gas inlet/
outlet

0.5 mm G10
laminates

Nomex honeycomb
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To improve the resolution of a chamber be-
yond the single-wire limit and to achieve ade-
quate redundancy for pattern recognition, the
MDT chambers are constructed from 2 × 4
monolayers of drift tubes for the inner and
2 × 3 monolayers for the middle and outer sta-
tions. The tubes are arranged in multilayers of
three or four monolayers, respectively, on ei-
ther side of a rigid support structure
(Figure 1-9). The support structures (‘spacer
frames’) provide for accurate positioning of
the drift tubes with respect to each other, and
for mechanical integrity under effects of tem-
perature and gravity; for the barrel chambers
which are not mounted in a vertical plane,
they are designed to bend the drift tubes
slightly in order to match them to the gravita-
tional sag of the wires. The spacer frames also
support most of the components of the align-
ment system.

Figure 1-9  Schematic drawing of a rectangular MDT chamber constructed from multilayers of three monolayers
each, for installation in the barrel spectrometer. The chambers for the end-cap are of trapezoidal shape, but are
of similar design otherwise.

Figure 1-8  Measured (circles) and simulated (line)
MDT single-wire resolution as a function of the drift
distance
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GARFIELD simulation
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Longitudinal beam
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Multilayer
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innermost layer of ATLAS muon 
spectrometer endcap

not built to withstand HL-LHC!

Monitored Drift Tubes (MDT)

Cathode Strip Chambers (CSC)
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collected a few 100k cosmic muons

with low noise in May

ADDC V1 MMTP on VC707 MMFE8s w/VMM2

29

https://indico.cern.ch/event/609567/

